This paper presents an experimental approach for the design of a brushless DC (BLDC) motordriven pump that is intended to pump fluids with unknown specific gravity. We propose a control mechanism that will enable the pump to operate at a higher efficiency irrespective of fluid types. Experimental results from a prototype pump system controlled by two different open-loop controllers are used for determining the optimized closed-loop control algorithm to run the pump while tracking its higher efficiency point. A set of computer simulations is conducted based on a conventional finite-element method to design the best possible BLDC motor, which is employed in the proposed fault-tolerant and efficient pump. Experimental results are presented to validate the efficiency of the proposed pump and also compared with that of a commercial motor design simulator.
The current manuscript illustrates a novel customized BLDC motor-driven solution to pump fluids regardless of their specific gravity. A large body of research has been conducted in designing efficient BLDC motor-driven pumps. However, most of the pumps reported in the literature to date are focused mainly on either pumping water efficiently or in designing converters for extracting maximum available power to drive motors. See [1] [2] [3] [4] [5] , for example. Authors in [1] illustrated the application of BLDC motor fed by photovoltaic (PV) source for submersible pumps. Whereas, authors in [2] , [3] adopted a PV feed motor for a regular water pump. The use of ćuk converter for a PV-fed BLDC motor has been introduced in [2] . These papers are mainly focused on optimizing the controller for a specific application. Abdelrahman and Youssef in [5] , [6] demonstrated cost-effective BLDC motors that pump water. Their in, authors emphasis emphasized more on sensor-less control.
As it can be noticed, BLDC motors are good candidates for designing pumps due to their high-efficiency, capability, compactness, and easy-to-drive features [7] , [8] . Nevertheless, BLDC motors available in the market limit their applicability in designing a generalized pump (similar to the one used in this work) due to various torque-speed characteristics required for fluids with different specific gravity. Therefore, designing a modular, high-efficient, and cost-effective pump is well motivated. The global energy crisis experienced today indeed demands to innovate more energy-efficient electromagnetic conversion systems. Due to global and local pollution, depletion of fossil fuels, and higher gas prices, ambitious plans for new residential and industrial appliances/machines with less energy consumption is necessary [9] , [10] . Therefore, researchers are currently focussing on developing more energy-efficient pumps that have the lowest possible carbon footprint. A recent trend of introducing sensorless controllers has been observed in the literature [6] , [11] , [12] . Li in [11] discusses the self correction of commutation point. Authors in [12] emphasize on the starting method. They reported starting of BLDC motor without any position sensor. In some cases, speed-torque characteristics are adapted for BLDC motors with non-ideal back EMF [11] , [13] where the main objective is to achieve low steady-state loss. Breaking and starting control is mentioned in [12] , [13] .
A new controller based on the zero-current crossing is introduced in [6] , however, it is complicated compared to the simple methodology that uses coupled resistors (preconditioning circuit) with the controller to provide the same function. There are reports of BLDC motor controllers in the literature, where solar panels act as a source of energy [2] , [3] . The authors proposed the use of zetta controller to extract maximum power from the solar array that is feeding the BLDC motor-driven water pumping system. Authors in [14] demonstrated a PV-driven synchronous motor water pump with improved control methodology for shading situation. They focused on controller development for optimum power extraction of the PV pannel. A time delay based high-speed BLDC controller has been adopted in [15] , [16] . Therein, the BLDC motor controller yields better stability. Wang et al. in [17] demonstrated sectional voltage and frequency control for beam pumping system for energy saving. They emphasize more on loss reduction strategy. For higher reliability operation, it is important to employ closed-loop control strategies that can detect motor internal faults, such as the failure of stator coils. Due to the compensating nature of a closed-loop controller, a fault detection in electrical machine is challenging. To address fault detection issues, researchers are employing several direct and web-based techniques. For an induction machine driven via direct torque control (DTC) technique, a comprehensive study of on-line diagnostic tools for stator's turn-to-turn faults diagnosis is presented in [18] . Authors investigate fault detection in the frequency domain as well as using a signal processing technique, such as discrete wavelet transformation, which acts as a superior fault detector.
Most of the controllers available in the market are optimized in the constant power region as well as in the constant torque region. For example, the Kylowave Energy Conversion System (KECS) controller from Kylowave Inc. incorporates filters to reject high-frequency ripple. Even though the current density can be increased considerably by using superconducting materials, the technology is expensive for economic commercialized products [19] . Therefore, increasing the rotor speed is desirable to increase the power density of the machine. A special design effort is needed to achieve loss minimization, and high power density as the motor loss is one of the key roles to limit the motor drive performance [20] , [21] . In addition, thermal, rotor dynamic, and rotor stress analyses also become important [20] . It is highly desirable to keep the loss as low as possible [22] , [23] . Authors reported three different radial flux BLDC motors in [24] and compare their performance in delivering mechanical power. Yazdanet al. in [25] describe a two-phase BLDC motor design. They design motor with iron-less rotor using pull drive technique. In the current work, unique design strategies have been adopted to optimize the dimensions of the BLDC structure that minimize losses of the motor to operate in normal operating conditions. Materials have been selected to overcome some of the design shortcomings, such as excessive loss and core saturation. Computer simulations guide designers in selecting the best material for this purpose. We also optimize the dimensions of the multi-phase (having three or higher number of phases) BLDC motor used for the pumping system. It minimizes losses of the motor operating in nominal operating conditions. The motors with more phases provide higher reliability [26] . Even though one or more phases of the machine with a higher number of phases experience a fault condition, the machine (BLDC motor) can still sustain running due to the fact that it is less dependent on individual phase than that of the machine having a lower number of phases, i.e., three-phase motor, for example. Fault diagnosis techniques for different types of electric motor have been demonstrated in the literature, see [27] , [28] , for example. This paper focuses on the design, simulation, fabrication, and test of a BLDC motor-driven pump for fluids with different specific gravity, where the BLDC motor and the filter for the motor's speed sensor were customized. The BLDC motor model is developed by conducting extensive numerical analysis and verified using experimental results. The Maxwell 2-D and the finite element method (FEM) are used for numerical design calculation [29] . A prototype of the proposed BLDC motor-driven pump is developed, where a three-phase 1 3 [HP] BLDC motor 1 is used for driving a pump at a speed of 3600 [RPM] and a fluid temperature of 72 • [F]. The pump is also required to operate at room temperature at a rated speed range of 2400-3600 [RPM] with increasing power output. The performance of the pump is evaluated and experimental results are explored to highlight the merits of the current work. In applications, such as in chemical process industry, it is important to operate a pump at its optimum speed to maximize the efficiency that eventually leads to energy saving. To achieve this objective, the motor driving the pump needs to be redesigned that yields minimum losses at the optimum speed range. In addition, an adaptive control system needs to be employed for tracking maximum efficiency of the motor. Furthermore, the critical industrial process requires higher reliability of operation. Fault tolerant characteristics of motors with higher number of phases have been exploited for achieving higher reliability. This paper address the issues of customizing motor and controller simultaneously. To the best of authors' knowledge, little work has been done on the study of BLDC-driven pump system to pump different types of fluids. The current pump can be used for chemical process plant as well as in oil and gas industries.
Contribution and work assignment statement: The overall contribution of the manuscript is the design, simulation, experimentation, and validation of the proposed automated pump system for fluids with unknown specific gravity. The pump system is automated in the sense that it has the ability to adapt the necessary load-torque characteristics, which are often necessary for chemical process plants.
The implementation of open-loop control strategy for pumping different fluids for determining the reference motor speed and the torque is another contribution of the current work. The customized BLDC motor with a higher number of phases is also fault-tolerant. It is due to the fact that the BLDC motor with a higher number of phases has the inherent ability to tackle open circuit phase fault. In brief, the following work assignments are carried out to achieve the aforementioned contributions: (i) Customize BLDC motor structure of the proposed pump to achieve the optimum performance, (ii) implement conventional speed control algorithm in the customized BLDC motor controller, and (iii) run existing BLDC motor-driven pump system at optimum efficiency.
Paper organization: A brief review of modeling BLDC motor and its power and torque is given in section II. Section III illustrates the proposed BLDC motor-driven pump, where the customized BLDC motor, its controller, the inverter, and the signal conditioning unit design are described in detail. A set of computer simulation results of the customized BLDC motor is provided in section III. 1 BLK-242S-36V-3000 manufactured by Anaheim Automation Inc.
Experimental results highlighting the merits (in terms of higher efficiency) of the proposed pump system in pumping fluids with unknown specific gravity are presented in section IV. Section V concludes the current work with some potential future research avenues.
II. MODELING BLDC MOTOR, POWER, AND TORQUE
Before detailing the proposed pump, it is important to revisit the theoretical background of a BLDC motor that is used in industrial applications due to their advantages, such as less maintenance and electronic commutation [6] . For the sake of simplicity, a salient pole BLDC motor (the one used in the current work) and its equivalent circuit diagrams are shown in Fig. 1 . A change of variable is often used to reduce the complexity of differential equations used for BLDC. By using direct(d)-and quadrature(q)-axis theory, the armature components of a three-phase (A, B, C) BLDC motor have been transformed into d-axis, q-axis, and zero-sequence components (dq0 transformation) [2] , [3] . With the reference-frame transformation, the mathematical modeling of BLDC can be described as [6] , [20] :
where the flux linkages are:
Assuming negligible loss associated with the rotor, the currents i kq and i kd in Fig. 1 can be set to zero, which yields λ d = L d i d + λ m and λ q = L q i q . Therefore, the state-space representation of a two-pole BLDC motor is given by: where the ω e is the electrical angular frequency of the BLDC motor. The input power to the motor is given by
where the first, second, and third terms of Equation (3) describe the ohmic loss, the rate of change in magnetic energy, and the converted electromagnetic power, P em , respectively. Therefore, the expressions for P em and its corresponding torque for N = 1 pole-pair are given by:
In general, for N > 1 pole-pair, the developed torque expression is simply T [N ] em = NT em .
III. PROPOSED PUMP SYSTEM
This section illustrates the main contribution of the manuscript. We emphasize that the proposed pump system can pump fluids with unknown specific gravity. Fig. 2 highlights the overall control strategy of the proposed pumping system. Since the objective is to sustain the pump's ability to pump out liquid with unknown specific gravity, the new torque-speed characteristic curves of the BLDC motor (see section III-A for detailed motor design) are attained so that the reference torque (τ r ) and speed (ω r ) are provided to the speed controller of the BLDC motor. The BLDC motor controller determines the pulse width modulated (PWM) signals, ρ 1 , . . . , ρ 6 , which are then passed to the three-phase voltage inverter. The three-phase currents, (i a , i b , and i c ), provided by the inverter are then applied to the BLDC motor with the power rating of less than 200 [W]. The pump connected to the motor shaft pumps out fluid, which is then measured by a mass flow meter. The mechanical power is calculated by using the measured mass flow (Q) and the outlet pressure (λ) (in PSI) of the pump measured using a pressure meter.
A power flow diagram of the current pump system is shown in Fig. 3 . A DC power supply provides the input DC power to the inverter. This input DC power is calculated using the measured applied voltage (V DC ) and the current (I DC ). The input power (DC), motor mechanical output power, and the overall efficiency of the proposed pump system are computed using:
where η is the overall efficiency of the proposed pump, P DC,in , is the input electrical power, and P m is the mechanical output power of the pump. We evaluate the electrical efficiency of the motor-pump system as a ratio of motor power available to drive the pump and DC input power. The AC input power (output of the inverter) to the BLDC motor, the power loss (due to windage and ohmic/copper), and the electrical efficiency are given as:
where P AC is the AC input power to the BLDC motor, V L is the line to line voltage after the inverter, I L is the line current after the inverter measured by using a current transformer, θ is the power factor angle, P cu is the copper loss of the BLDC motor, P NL is the no load power representing the stray loss of the BLDC motor, P em is the electrical power converted to the mechanical power available to run the pump, R ph is the per phase resistance of the BLDC motor, and η e is the electrical efficiency of the proposed pump system. As it can be seen, the developed pump is composed of three major components: 1) BLDC motor, 2) BLDC motor controller, 3) Inverter, and 4) Signal conditioning unit VOLUME 8, 2020 In the following, the design of the main components of the current pump system are illustrated in detail.
A. BLDC MOTOR DESIGN
It is important to articulate the fact that the commercially available BLDC motor needs to be customized for the current pump system to pump out fluid with unknown specific gravity. This is because the BLDC motor speed-torque characteristics need to be aligned with the pumping system need. For example, if a pumping system demonstrates a maximum mechanical power to flow a fluid with constant speed, then the driving motor needs to be designed such that it can provide maximum torque at that speed with minimum losses. Note that the d-axis and q-axis inductances, L d and L q , are important machine parameters. These two parameters have been estimated by exciting the armature coil in d-axis and q-axis, respectively. In this analysis, permanent magnets are not excited. These two inductances have been calculated using the energy method [6] . In the presence of current i d or i q (not both), the stored energy, W , in armature copper coils is measured and L d or L q are calculated using [6] :
Motor modeling equations can easily be extended to the case where machines have more than three phases. Similar to three-phase machines, a multi-phase machine when running without any fault, possesses constant synchronously rotating magnetic flux. Let φ n (θ e ) denote the flux generated by the nth, n = 0, 1, 2, . . . , m − 1, phase of a multi-phase machine, where m is the total number of phases and θ e ∈ [0, 2π], is the electrical angle. The flux generated by the nth phase is then given by:
where φ M = B M A, with B M being the maximum flux density and A is the cross-sectional area of the stator windings. Clearly, the net flux φ net (θ e ) is expressed as: In case the machine is built with more than three phases (i.e., 5, 7, 9 etc.), then it is more tolerant to the fault occurred in one or more phases. This is due to the fact that as the number of phases increases, the contribution of each phase is decreased. For example, as seen in Fig. 4 that for a three-phase machine, one open phase causes a maximum fluctuation of (1.05/1.5 = 0.7), on the other hand, for a fivephase this fluctuation is only (1/2.5 = 0.4). Fig. 5 shows the rotating field of a five phase machine. When all five phases are active, a constant net magnetic field rotates at a synchronous speed. Fig. 5(a) shows that the flux is constantly revolving at a value of 2.5φ M . On the contrary, if one or more phases are open, then the rotating flux will fluctuate. Fig. 5(b) shows that the resultant flux is not constant 2.5φ M . It is fluctuating.
B. SIMULATION USING FINITE ELEMENT ANALYSIS
To achieve the desired torque-speed characteristics, it is necessary to A) re-design the motor geometry and B) choose the most appropriate materials. The motor sizing equations can be considered for determining the dimensions of the motor. However, since these sizing equations cannot project the motor performance, especially at different speeds, a more accurate finite element method (FEM) is used to compute the motor performance and optimize motor dimensions. Using the commercial FEM-based Ansys Maxwell 2 software, a three-phase BLDC motor is designed considering the same specification of the off-the-shelf motor from Anaheim Automation Inc. The three-phase BLDC motor has six slots in the stator core; each slot has 20 conductors from both sides of adjacent coils, the slots are distributed in a way to minimize the saturation. The rotor core has four permanent magnets that are uniformly distributed on the surface of the rotor around the rotation axis. The silicon steel material is used to construct the stator and the rotor parts of the motor. This material gives a linear B-H characteristic within the operating range, which facilitates transferring magnetic flux within our operating range without or minimal saturation of the core. The magnets were made of neodymium-iron-boron (Nd-Fe-B) NdFe35 with relative permeability 1.09977854 and bulk conductivity 625000 [S · m −1 ] [20] . The material of the coils is copper; each coil has 20 conductors. The rotor shaft contains hollow air at the center. To compare the operating characteristics of motors with a different number of phases, computer simulations have been conducted by modeling a six-pole five-phase BLDC motor having tenslot containing twenty conductors per slot. We choose the same materials for both five and three-phase motors. Relevant parameters for both three-phase and five-phase machines are given in Table 1 . The simulator, Ansys Maxwell, solve the electromagnetic field equation using FEM. For it to work, automatic adaptive meshing techniques were used, which require a user to specify only the geometry, material properties, and the desired output parameters to obtain an accurate solution. In this BLDC motor structure, there are approximately 1000 elements with a length of 100 [nm] used before solving the EM equations. A magneto-static analysis has been conducted to design the geometry that will minimize the nonlinearity 2 See Ansys Inc. at www. Ansys.com for more details. of the magnetic circuit due to saturation. For torque-speed characteristic evaluation, transient analysis have been pursued in the speed range from 1500 to 3600 [RPM], which is the operating range of the proposed pump drive. Depending on the machine and number of time samples, run time varies from a few minutes to a few hours. A typical value of the 5-phase machines transient analysis was about 40 minute in a stand-alone machine. Figs. 6(a) and 6(b) show the distribution of flux lines of the customized BLDC motor for three-phase and five-phase, respectively. As can be seen, the flux in the five-phase motor is more evenly distributed in the magnetic materials that contribute to generating smooth torque. Faulttolerant moving torque characteristics of a 5-phase BLDC machine have been shown in Fig. 7(a) . Even for single-phase fault, the machine stabilized to the desired torque level after initial instability due to vibration. On the contrary, a machine with only three-phase will be continuously vibrating, which leads to total instability if one of the phases is at fault. The voltage induced in two adjacent phases of a 5-phase machine have been shown in Fig. 7(b) . Initially, induced voltages show similar fluctuations as in the case of torque. However, voltages converge to a steady-state value after few cycles. The power-speed characteristic of the customized BLDC motor is shown in Fig. 8(a) . As expected, the output power is maximum at the motor speed (in this case, the reference speed ω r ) ω = ω r = 2552 [RPM]. An experiment has been conducted to plot the motor's electrical efficiency versus speed. This is shown in Fig. 8(b) . It is evident that the maximum efficiency is not found at the same speed where maximum power is found. Therefore, the speed and the output power needs to be optimized to achieve the highest efficiency at the same reference speed. The control strategy needs to be designed based on the experimental results. The proposed control strategy implements a speed controller to achieve the highest efficiency. This is illustrated in section III-C. A similar design effort has been conducted for designing a five phase BLDC motor. Fig. 6(b) shows the geometric model and flux distribution of the designed five phase motor. It is clear that there are ten (5 × 2 = 10) slots to facilitate conductors' return path.
C. BLDC MOTOR CONTROLLER DESIGN
The control strategy of the proposed BLDC motor-driven pump is implemented using the Kylowave's control unit shown in Fig. 9 . The generic high-level block diagram of the control strategy is given in Fig. 10 . Note that, ω r is the refer- ence speed of the BLDC motor to pump fluid with unknown specific gravity is obtained using an open-loop control algorithm at the pump's best efficiency as shown in Fig. 8 . It is important to articulate the fact that the low dynamic motor drive for slowly varying load or speed compared to the system's mechanical time constant is a solution for many common pump applications. This drive can perform the control tasks with simple control algorithms such as a conventional proportional-plus-integral (PI) controller used in this work.
The rotor position θ(t), t ≥ 0, of the BLDC motor is measured using Hall sensor, whose output is taken into FIGURE 10. High-level control system block diagram for the Kylewave BLDC motor control unit shown in Fig. 9. consideration to compute the actual speed, ω(t), [RPM] using
where t is the time (in [ms]) since the motor start time, t i is time at which Hall sensors had the same output in the previous revolution, N is the number of stator pole pair of the BLDC motor. The control unit also transforms three-phase stator currents of the motor (sensed using a current sensor) into a flux generating part and a torque generating part, and controls both quantities separately. Note that the Hall sensor output is filtered through a passive lowpass filter logic, which is implemented as a separate signal conditioning unit inside the control unit. The output of the signal conditioning unit (see section III-E for details) is the actual measured (filtered) speed ω(t). The error signal e(t) = ω r − ω(t) is then passed to the PI controller to generate PWM signals, ρ i , i = 1, 2, . . . , 6, to fire the gates of the inverters. The gains of PI controller is experimentally tuned for an asymptotic convergence of the measured speed to the desired one.
For an applied voltage of V DC = 28 [V], the controller generates PWM signals ρ i , i = 1, 2, . . . , 6, which are then passed through the motor driver to generate three-phase voltages V A , V B and V C . The controller's ultimate outputs are the motor phase voltages.
To protect the motor, the duty cycle ρ i is bounded between 10% and 90%, i.e. ρ i ∈ [0.1, 0.9]. Fluids with different specific gravity and mass flow operate at the highest efficiency point (P m,max , ω r ) of the power-speed curve as shown in Fig. 8(a) . Therefore, different open-loop experiments are to be conducted for fluids with different specific gravity of fluids to determine the reference speed of ω r .
D. INVERTER
A customized inverter is used in this work to provide an AC voltage to a multi-phase BLDC motor. Commercial inverters are available for three-phase motors. However, for motors with more phases, the inverter needs to be custom designed. The Simplorer simulator associated with Ansys EM simulation package was used to draw the circuit of the inverter of the motor. To obtain the currents on each phase of five phases, we will trigger a pulse in each (360/5 × 2 = 36) degree or every 4 [ms] and that will fire the inverter circuit to excite the corresponding coil. Fig. 11 shows the circuit schematic of a five-phase inverter and Fig. 12 shows the timing diagram obtained from Simplorer. Five bridge paths providing voltage applied across five phases, where the power electronic devices acted as switches are controlled by driving signals. The driver circuit provides a sequence to provide the gate firing signal to control the inverter output.
E. SIGNAL CONDITIONING UNIT DESIGN
To implement the control strategy, a signal conditioning circuit is built for measuring the motor shaft speed. As can be seen from Fig. 9 , Hall sensors mounted on the BLDC motor detects the rotor position, which then gives noisy square wave signals for phases A, B, and C. Noisy signals are passed through an interrupt circuit shown in Fig. 13 . Note that the interrupt circuit filters noisy position signals using additional digital logic gates in addition to a passive lowpass filter with R d = 4.02 [k ] and C d = 2.2 [nF]. Fig. 14(a) shows the speed signal waveforms. As it can be seen, the speed is noisy without the Hall sensor interrupt circuit. A smooth speed signal is found when it is passed through the Hall sensor interrupt circuit, as expected.
IV. EXPERIMENTAL RESULTS
A set of experiments is conducted to evaluate the performance of the proposed pump system using a customized BLDC motor design and a Hall sensor interrupt circuit. Commercial simulation software is used to design a customized BLDC motor as discussed in section III-A. In this section, the experimental setup, the operation of the proposed pump, performance metrics (e.g., power and efficiency), and a numerical comparison of results with an existing pump system are presented. Fig. 15 shows a picture of the proposed pump system, which is set up in a laboratory environment. Here, an existing water pumping system is customized to pump fluids with unknown specific gravity. A 20 [ft] long pipe is set up in a loop to facilitate the fluid flow. A 5 [ft] long pipe takes the fluid from the tank and terminate it to the input of the pump as shown in Fig. 15 . The output of the pump went back to the tank through a 15 [ft] long pipe. The pump is coupled with the BLDC motor using a stainless steel coupler and has a plastic gasket to allow little flexibility for both shafts. It was tightly screwed to a wooden base to make the assembly more stable. Without loss of generality, the tank is filled with water first and then we mix sugar and flower to change the specific gravity (s g ) of the mixer.
A. PUMP SETUP AND OPERATING INSTRUCTIONS
The developed fluid pumping system is run using both open and closed-loop control strategies of the BLDC motor. A single-board computer, Arduino, is employed as a platform to interface the power electronic circuit to the computer and generate the sequence of pulses in a way to interact the computer with the controller. The key steps to run the proposed pump is given below.
Step 1: Connect the motor to the control circuit (three-phase wires to the inverter ports and the Hall sensors to the digital control side).
Step 2: Connect the controller to the computer.
Step 3: Upload the PWM code to the Arduino single-board computer.
Step 4: Specify the port number for the computer to interface with the controller.
Step 5: Set the motor power supply voltage to zero first.
Then, start the motor by increasing the duty cycle by 10%.
Step 6: Record the output results (currents and speed).
B. POWER AND EFFICIENCY MEASUREMENTS
To measure the power and efficiency of the current pump system, the motor is first run at no-load for determining the stray losses of the motor before connecting it to the pump. Fig. 16 shows the no-load input electric power versus the motor speed. As expected, more input power is required for the motor to run at a higher speed. This is mainly to overcome the mechanical losses (friction and stray losses) which increase with the speed. After that, the motor is coupled with the pump. The power and efficiency measurements are then recorded under full-load condition of the proposed pump system. Fig. 17 shows the power at different stages of the pump system while pumping water. At a higher speed up to the controller limit (180 [W]), the output power increases and so does the efficiency as shown in Fig. 18 . Electrical efficiency, η e , is computed using (5d) and the overall efficiency is computed using (4c). As seen from Fig. 18 that the maximum efficiency is achieved at about ω = 2600 [RPM], which is consistent with the earlier simulation and rated value of the off-theshelf BLDC motor. As expected, electrical efficiency gradually decreases to overcome motor losses. On the contrary, the overall efficiency increase gradually with the speed until close to the controller speed limit when the saturation effect is noticeable. This is due to the increase of power losses. As mentioned in section III-A, the desired efficiency can be achieved using an effective design of the motor.
Similar experiments are conducted to sustain the proposed system's ability to pump fluids with different specific gravity. As shown in Fig. 19 , a fluid with higher specific gravity S g require higher input power to the system up to the optimum efficiency speed.
C. PERFORMANCE COMPARISON WITH EXISTING CONTROLLER
Two separate experimental systems were devised to measure the performance of the pump system. We repeat the same test using the Anaheim controller to compare the results. In this setup, a potentiometer is used to manually set the speed. Fig. 20 shows the input power required to drive the BLDC motor at no-load using the customized KECS controller and controller from Anaheim. At no-load, the measured input power reveals the losses, such as core loss and mechanical losses at each speed. These losses are constant corresponding to each speed point irrespective of the loading condition. As the load increases, it causes more stator current to flow thus increases copper loss. As it can be seen from Fig. 20 , the KECS perform better at a lower speed. However, at higher speed, the KECS controller takes comparatively more input power to overcome the loss. It is mainly due to the conversion losses during the generation of PWM signals at a higher duty cycle. At no-load, both controllers can run the motor even above its speed limit, which is 3000 [RPM]. It is important to articulate the fact that the KECS controller can safely operate the motor at a speed of about 2500 [RPM] when the motor is partially loaded. Nevertheless, the Anaheim controller can safely operate the motor at a speed of about 3000 [RPM] when it is fully loaded. Therefore, the overall efficiency is measured using the Anaheim controller. The customized KECS controller is not used to measure the overall efficiency due to the fact that this specific controller can drive the motor up to limited speed and partial loading. Since it is desired to run the motor at its maximum efficiency point, a standard FIGURE 20. Input power required to drive BLDC motor at no-load using two different controller.
choice is to use the Anaheim controller for measuring the overall efficiency. Fig. 18 shows both electrical and overall efficiency of the pump using the Anaheim controller.
V. CONCLUSION AND FUTURE WORK
In this paper, we presented an experimental approach for designing an efficient and fault-tolerant BLDC motor-driven pump system to pump out fluids with unknown specific gravity. The existing BLDC controller is customized in such a way that the speed of the motor can be set to ensure the pump running at its maximum power (i.e., efficiency) point. Experimental results show that the higher efficiency of the proposed pump system varies with the specific gravity of the fluid, where the reference speed is adapted from the openloop control strategy. Potential future work is to incorporate single-board computers in cooperation with external hardware interfacing to automate reference speed regardless of the specific gravity of fluids. 
